Proteins are sensitive to environmental conditions. Whether they are produced for therapeutic purposes or for fundamental research, the integrity of their structure and post-traductional modifications are key issues. Measuring glycosylation or phosphorylation level as well as their secondary structure most often rely on complex and indirect experiments. Infrared spectroscopy presents a series of advantages related to its multivariate character. There is a lack of high-throughput methods able to analyse these parameters. OBJECTIVE: In this paper we attempted to combine protein microarrays and infrared imaging for high throughput analysis of proteins. METHODS: A protein microarrayer was used to produce protein microarrays on BaF 2 slides transparent in the mid-infrared. Spot density was about 25 spots/mm 2 . A 128 × 128 focal plane array infrared detector was used to record images of the protein microarrays. RESULTS: We show that 100 µm diameter spot are easily analyzed. Spots obtained with low protein concentrations, resulting in an average of a single protein monolayer (ca 3 fg/µm 2 for a 66 kDa protein) provided good quality spectra. CONCLUSIONS: Infrared imaging is a label free, high throughput method, able to analyse protein microarrays and to take advantage from the wide information available in the infrared spectra.
Introduction
Following the sequencing of the entire human genome, DNA microarrays were developed and applied to large-scale genomics research, comprising up to tens of thousands of different oligonucleotide probes per square centimetre. Yet, despite their huge potential and the increasing role of non-coding DNA, proteins remain the key players in cellular processes. The human genome contains about 20,000 genes but the human proteome is thought to contain up to 210 6 different entities resulting from alternative splicing and post-translational modifications. As these proteins are the functional elements of the cell, the homeostasy of their optimal concentrations, post-traductional modifications and their native structure is absolutely required to maintain these functions. New drugs arriving on the market against cancer are mostly proteins that need to be precisely characterized for their structure and post-traductional modifications such as phosphorylations and glycosylations. There is therefore an urgent need to develop new protein analysis tools based on high throughput methods.
Protein microarrays also called biochips provide information on proteins and their interactions with other proteins, ligands, receptors, antibody affinity, binding partners and high throughput analysis. Microarrays supplies useful tools for clinical studies (vaccine development, disease diagnosis, drug screening for example) as well as an important approach to give advancements in analytical studies [16] .
Fourier transform infrared (FTIR) spectroscopy provides a unique opportunity to analyze protein samples. FTIR spectroscopy is based upon the interaction between the IR radiation and the covalent bonds of molecules in presence. Within the mid-infrared range (4000-400 cm −1 or 2.5-25 µm) all organic functions lead to specific IR absorption bands. Each compound has a characteristic set of absorption bands in its infrared spectrum. Importantly, all molecular types contribute to the IR spectrum and this contribution depends on their exact molecular structure. For instance, the head group, length and unsaturation of membrane lipids contribute all to the IR spectral signature [3, 5] . Similarly, lipid/protein ratio, DNA condensation state and many other parameters can be obtained from the spectra [1, 6, 15] . Furthermore, IR spectra account not only for the chemical nature of cell molecules but also for their conformation. They are in particular very sensitive to protein secondary structure [2, [8] [9] [10] 12] . When coupled with a microscope device, this technique provides spatially resolved information on the sample. There is therefore today the opportunity to combine protein microarrays and infrared imaging for high throughput analysis of proteins. The question is now to evaluate whether the ca 100 pl drops delivered by protein microarrayer printers are sufficient to obtain good quality infrared spectra when starting from protein solution in a concentration range around 0.1 to 10 mg/ml available in pharmaceutical preparations. The present paper addresses this question using some well-characterized proteins such as lysozyme, albumin and hemoglobin.
Materials and methods

Microarrays
Microarrays were printed with an Arrayjet Marathon non-contact inkjet Microarrayer (ArrayJet, Roslin, UK) on BaF 2 slides. Samples were pipetted from a 384 well plate as the source using a 12 sample low volume Jet Spyder (Arrayjet). Drops of ca 100 pl protein solutions (0.1 to 10 mg/ml protein in 2 mM Hepes pH7.0/Ethylene Glycol 1/1 v/v) were deposited to form regular arrays. Spot-to-spot distance in X and Y directions was 200 µm. Spot diameter was about 100 µm, but this may vary with the nature of the protein. Each sample was spotted 5 times (5 duplicates). Ethylene Glycol was then evaporated overnight under vacuum before spectra recording. Temperature (18-20°C) , relative humidity (40-60%) and HEPA air filtration control was provided by a Jetmosphere TM Environmental Control system (ArrayJet, Roslin, UK) that maintains a constant printing environment. All buffer solutions were filtered on 0.2 µm filters. Lysozyme (chicken egg white), albumin (chicken egg white) and hemoglobin (bovine blood) were supplied by Sigma Aldrich.
FTIR imaging and data processing
FTIR data acquisition
FTIR data were collected using an Agilent 128 × 128 focal plane array (FPA) mid-IR imager. No binning was applied. Spectra were collected between 3950 and 900 cm −1 at a nominal resolution of 8 cm −1 . Each spectrum was the mean of 64 scans. The microscope was equipped with a liquid nitrogen cooled 128 × 128 Mercury Cadmium Telluride (MCT) Focal Plane Array (FPA) detector and a 15× objective (NA = 0.62). Every element of the FPA acts as an independent and discrete detector from which a full spectrum is obtained. The corresponding pixel covers an area of 5.5 × 5.5 µm 2 . The data were collected in transmission mode from sample regions of 700 × 700 µm 2 . One FTIR image (unit image) results in 16,384 spectra. To cover larger sample areas an automatic tiling combined several FTIR unit images in order to obtain one large mosaic FTIR image. The background (64 scans) was acquired in the absence of sample.
Pre-processing of IR spectra
The spectra were baseline-corrected. Straight lines were interpolated between the spectra points at 3620, 2995, 2800, 2395, 2247, 1765, 1724, 1480, 1355, 1144 and 950 cm −1 and subtracted from each spectrum. Principal component analysis (PCA) was performed on the entire dataset and used here as a noise reduction method.
Correction of the IR spectra and PCA were carried out by Kinetics, a custom-made program running under Matlab (Mathworks, Inc.). PCA was also used to remove noise from the spectra. PCA denoising is based on the fact that noise is unique to each spectrum and essentially uncorrelated to variations observed in other spectra. On the other hand, variations related to protein absorbance throughout the image are correlated and account for the largest part of the variance. For spectra shown in Fig. 3 , a PCA was run on all the spectra from the image and the spectra were then rebuilt with the contribution of the first 9 PCs, discarding the contributions brought by the other PCs.
Image segmentation
The process has been described before [4] . Yet, here, the analysis was performed on the infrared image build to report the absorbance at 1654 cm −1 and not on a bright field image as previously reported. Briefly, a simple routine was written under Matlab which first enhances the image contrast by applying a 2D second derivative followed by a 20 point apodization. Computation was conveniently run on the Fourier transform of the image. In a second step, level contours were obtained. A filter was set to eliminate contours that were too large, too small, unclosed or too elongated (tested from the perimeter/area ratio) to be related to protein spots. The level of the contour retained was interactively modified by the user and the contours passing the filters were also reported on the image. When the contour level was optimal, retained spots were numbered automatically. A final visual check was done to ensure all the numbered spots that were retained for further analyses perfectly match spots well identified on the infrared image. On the FTIR image, all the pixels inside a closed contour were collected and averaged to yield the mean spot spectrum.
Results
Protein microarrayers allow the building of 2D arrays of spots of protein solution at rather high density. Size of the spots can be maintained below 100 µm, the center to center distance being 150-200 µm, resulting in 44 to 25 spots per mm 2 respectively. Infrared imaging based on FPA is a particularly efficient way to record infrared images. The 128 × 128 FPA used in this study records 16,384 spectra over an area of 0.7 × 0.7 mm 2 in ca 3 min. Larger areas are covered by stitching together (tiling) unit images. For instance a 3 × 3 tile image covers 2.1 × 2.1 mm 2 , i.e. 396 to 225 spots respectively for the densities mentioned above. A schematic representation of the measurement process is presented at Fig. 1 . The microarrayer robot pipets the protein solution from a 384-well plate ( Fig. 1(A) ) to build a protein microarray on an infrared transparent slide such as BaF 2 ( Fig. 1(B) ). The protein microarray is then imaged by an infrared imager. Each pixel (voxel) of the image is a full infrared spectrum recorded between 3950 and 900 cm −1 ( Fig. 1(C) ). As usual, a background image is recorded before and each spectrum composing the image of the sample is ratioed (transmittance spectra) against the background spectrum recorded with the same detector. Yet, any variation in environmental conditions (water vapor content, CO 2 , temperature, alignment) results in unwanted signal in the ratioed spectrum. One of the great advantages of this approach is that the empty space found between the spots can be used as a background. This is schematically illustrated in Fig. 1(D) . The square drawn in the upper left part of Fig. 1(D) contains several hundreds of spectra that can be extracted, averaged and this average is finally subtracted from all the spectra of the image. In our hands, this tremendously improved the quality of the spectra ( Fig. 1(E) ), indicating that the background recorded before the sample is not sufficient to obtain the best possible quality spectra. In order to further improve the quality of the spectra, a principal component analysis (PCA) was carried out on the 3950-900 cm −1 spectral range. Each spectrum was then rebuilt using the 12 first principal components (PCs) representing more than 99.99% of the total variance. The residual variance was discarded. Such a "noise reduction" by PCA has been described before [11] and significantly improved the quality of the spectra.
In order to test the sensitivity of the method, lysozyme, albumin and hemoglobin solutions were prepared at concentrations from 10 to 0.1 mg/ml and spotted on a BaF 2 slide (Fig. 2(A) ). Each row was repeated 5 times, resulting in a total of 15 rows, 5 for each protein. image containing 327,680 spectra. It can be noted that lysozyme (bottom) spot shape is quite different from the shape observed for albumin (middle) and hemoglobin (top). At the highest concentrations (5 mg/ml and higher), all have the same appearance. Below 5 mg/ml, lysozyme spots tend to collapse into smaller spots of high protein concentration. Conversely, for hemoglobin, and to a lesser extent for albumin, spot size is maintained and some "coffee ring" effect is observed with an annulus of higher concentration at the edge of the spots. Importantly, as indicated by the color bar scale, the absorbance never exceeds 0.026, ruling out non-linearity with concentration. Yet, the inhomogeneous distribution of the protein in the spot indicates that if quantitative measurements are required, the data from the entire spot will have to be integrated. Figure 2 (A) also shows the presence of small satellites spots usually present near the mother spot. Such spilling is difficult to avoid and places a limit to the surface density of the spots. To avoid potential mixing with neighboring spots, a distance of ca 100 µm between spot borders appears to be a reasonable safeguard. Figure 2 (B) presents an enlargement of an albumin row. Such a single row still contains ca 11,000 spectra which are further examined in Fig. 3 . In Fig. 3 , single spectra obtained by selecting a pixel by chance (mouse click) are shown for the protein concentrations from 1 mg/ml and below. Considering the volume delivered by the microarrayer is ca 100 pl and a protein concentration of 1 mg/ml, each spot contains about 100 pg of protein. As each spot is covered by ca 330 pixels, on the average a pixel reports the spectrum of 300 fg of proteins (10 fg/µm 2 ). For a 66 kDa protein, we have therefore 91,000 protein molecules/µm 2 . If the protein size is ca 6 nm (this is the size of the side of a cube of the same volume as the albumin molecule, albumin is in fact a quite elongated protein), a single protein monolayer counts 28,000 proteins/µm 2 . It turns that we reach an average of a 1 protein monolayer for a concentration of about 0.3 mg/ml. At that level, single spectra are still of good quality as indicated in Fig. 3 .
In order to provide quantitative data and better spectra, it is of interest to sum up all the spectra present in a spot. Two approaches have been explored. The first one consists in using image segmentation to circle the spots. Results are reported in Fig. 4(A) for the microarray described in Fig. 2 . The process is convenient and works with little human input but fails to identify the weakest spots. Another approach is to place a grid of squares, each fully including one spot. The mean spectrum of all the spectra present in each square can then be computed automatically. The area of the Amide I + Amide II bands was computed here for each mean spectrum and reported as a function of protein concentration in Fig. 5 . The inset in Fig. 5 shows the distribution of the Amide I + Amide II areas among the five replicates available for each concentration. It appears from both the histogram and the standard deviation in Fig. 5 that reproducibility is not perfect. As all data come from the same solution, it is likely that variability arouse from variability in the nanodrop volume deposited on the slide. Adding an internal standard in the protein solution could improve the reproducibility.
Discussion
Proteins are sensitive to environmental conditions. Whether they are produced for therapeutic purposes or for fundamental research, the integrity of their structure and post-traductional modifications are key issues. Measuring glycosylation or phosphorylation level as well as their secondary structure most often rely on complex and indirect experiments. Infrared spectroscopy presents a series of advantages related to its multivariate character. Briefly, the advantages of infrared spectroscopy are (1) label free detection: this is not only convenient as labelled proteins may be either not commercially available or very expensive, but it also enhances quality because the labeling procedure often destroys part of the protein structure, (2) direct and absolute quantification of proteins: Infrared detection intrinsically contains the amount of spotted protein as it is the peptide bound that is quantified (3) full imprint of proteins: in contrast to most detection methods which provide a single signal (SPR, peroxidase activity, fluorescence, . . . ) infrared imaging provides a complete vibrational spectrum of the binding molecule which includes information on post-translational modification (phosphorylation, glycosylation) and on protein secondary structure [7, 18] .
The results presented in this paper show that high quality spectra can be obtained from minute amounts of proteins, i.e. below a single monolayer of proteins. This is important as it opens the way to use infrared imaging, instead of fluorescence for instance, for detection of binding. This work also shows that it is now possible to produce high throughput protein analysis by combination of microarrays technology and infrared spectroscopy imaging allowing hundreds of proteins to be quantitatively analyzed in a few minutes. In theory, spot density could be increased but their size should remain significantly above the resolution of infrared imaging. As pointed out by earlier [17] , IR images are characterized by a poor resolution (with respect to the achievement of visible light microscopy) as expected from the diffraction-limited resolution, e.g. λ ≈ 6 µm at 1654 cm −1 . Considering the numerical aperture (NA = 0.4), diffraction limits resolution to ca. 9 µm at best [13] . As the point-spread-function usually presents side lobes, true resolution is usually even further reduced in standard IR imaging [13, 14] . In practice, spot diameter should remain above 20 µm.
In conclusion, protein microarrays composed of hundreds of microspots can be analyzed by infrared imaging, providing a rapid, label free and sensitive method to monitor protein structure and posttranslational modifications in a truly high throughput way.
